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OptimizationsAbstract In this study an attempt was made to investigate the efficiency of spray drying process of
pomegranate juice using response surface methodology (RSM). Different drying conditions such as
inlet air temperature (A), feed flow rate (B) and aspirator rate (C) were varied in order to study the
changes in quality parameters of spray drying process including moisture content (Y1), hygroscop-
icity (Y2), powder yield (Y3). Three factors three level Box–Behnken response surface design (BBD)
was used to evaluate the effect of process variables on spray drying process. 3D Response surface
contour plots were used to study the interactive effects of the process conditions and optimal spray
drying conditions were determined as follows: inlet air temperature of 130 C, feed flow rate of
6 rpm and aspirator rate of 100%. Under these conditions, moisture content, hygroscopicity and
powder yield are found to be 6.85%, 19.85 g/100 g and 14.95 g respectively.
 2015 Production and hosting by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
The growing properties of fruits and vegetables are limited in
many Asian countries to certain seasons and localities, espe-
cially in India (Shruthi et al., 2013). In order to meet the
demand of the market throughout the year in all areas, thecommodities are preserved using different techniques such as
spray drying, freeze drying and drum drying (Gomez and
Lajolo, 2008). High moisture content of the fresh food products
will lead to the drop of quality and, indirectly, to a decrease in
their quantity. The drying of fruits controls the moisture con-
tent by either removing moisture or binding it so that the fruits
become stable to both microbial and chemical degradation
(Jagtiani et al., 1988). Drying is a common and economical
preservation method for many fruits in countries such as India.
Although most of the drying methods are conventional and
primitive, there is an critical need to apply advanced techniques
such as spray drying, with the objectives of increasing produc-
tivity and obtaining closer control of the process to achieve a
better product quality (Thirugnanasambandham et al.,
2014d). This requires basic data on spray drying together with
knowledge of the basic principles involved. Hence, it isate juice
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2 K. Thirugnanasambandham, V. Sivakumarimportant today to develop new nutritional food, maximize
their nutrient content in both processing and storage and
extend the shelf life, and thus to meet the requirement of the
market (Goula and Adamopoulos, 2010).
Spray drying involves atomization of feed into a spray and
contact between the spray and drying medium resulting in
moisture loss (Chemical Engineers’ Handbook, 2007). Spray
drying has been used extensively in pharmaceutical and food
industries in dehydration of fluid foods such as coffee and fruit
juices (Vander-lijn, 1976). Spray drying will result in powders
with low water activity and ease in transportation and storage.
Therefore, it is crucial to optimize the spray drying process to
obtain powders with better yield, nutritional and physicochem-
ical properties (Goula and Adamopoulos, 2008). Moreover,
spray drying process can be significantly affected by parame-
ters such as inlet air temperature, feed flow rate and aspirator
rate. In conventional optimization technique, a single factor is
varied while all other factors are kept constant for a particular
set of experiments (Lim and Khoo, 1990). Similarly, other
variables would be individually optimized through the single
dimensional searches which show the long processing time
and incapable of reaching the true optimum without consider-
ation of interaction among the drying process variables
(Crowe, 1971). The technique of defining and investigating
all possible conditions in a complex nature experiment involv-
ing multiple process variables is known as response surface
methodology (RSM). RSM is a technique for designing exper-
iment, which helps the researchers to build models, evaluate
the effects of several factors and achieve the optimum condi-
tions for desirable responses in addition to reducing the num-
ber of experiments (Huntington, 2004).
Pomegranate fruit (Punica granatum L.) is a popular edible
fruit native to India. The total production of pomegranate was
approximately about 980,000 tons in 2013 (Sharma et al.,
2000). Epidemiological studies show that the consumption of
pomegranate fruits with high phenolic content is correlated
with reduced cardio diseases and cancer mortality (Masters,
1997). Thus, pomegranate fruit juices have received attention
due to their high anthocyanin content and antioxidant activity.
Pomegranate is a tropical and seasonal fruit, and its produc-
tion occurs during August and September (Gupta, 1978).
Therefore, many processes such as cold storage, concentration,
reducing to paste, and drying are used to conserve pomegra-
nates or their juice. But, these techniques are not sufficient
to preserve the pomegranate juice for the better nutritional
quality and pomegranate juice processing industries are forced
to develop a technically and economically viable technique to
enhance the shelf life the pomegranate juice and their products
(Murugesan and Orsat, 2011).
However, from the extensive literature survey, it was found
that no research reports are available there for the efficiency of
spray drying process of pomegranate juice using response sur-
face methodology (RSM). Hence the primary objective of the
present study was to investigate the individual and interactive
effect of drying process variables such as inlet air temperature
(A), feed flow rate (B) and aspirator rate (C) on moisture con-
tent (Y1), hygroscopicity (Y2), and powder yield (Y3). Three
factors three level Box–Behnken response surface design
(BBD) was used to evaluate the effect of process variables on
spray drying process. The obtained result will create novel
opportunities to exploit the in-depth knowledge regarding
the spray drying process of pomegranate juice.Please cite this article in press as: Thirugnanasambandham, K., Sivakumar, V. Influen
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2.1. Raw materials and chemicals
Pomegranate fruits of the same age were purchased from the
local market in Erode, India. They were washed in cold tap
water to remove dirt and foreign materials and only mature
fruits were selected for the experiments. The skin of the
pomegranate fruits was then removed, and the fruit juice was
extracted from the fleshy sacs using a hand-operated domestic
press. The obtained juice was stored at 4 C overnight. Finally,
the cold sterile single-strength clarified juice with 15.2% TSS
was rapidly cooled and frozen at 25 C and used for further
experiments.
2.2. Spray drying procedure
A mini spray dryer (Model L-251, Spark Laboratoriums,
Chennai) equipped with two fluid atomizers was used in the
spray-drying process. Spray drying was carried out at an var-
ious inlet air temperature, feed flow rate and aspirator rate
with constant pressure of 4.5 bar. Once the total juice solids
were adjusted (12% w= w), the following substances were
added: maltodextrin, Arabic gum and waxy starch at concen-
tration levels of 9% (w= w). The solution was also treated
with microcrystalline cellulose (Merck, Darmstadt, Germany),
which was used at concentration of 4% (w= w). The dryer
was washed with water at the desired setting for 10 min before
and after the spray-drying process. All spray-dried powders
were collected, weighed, sealed in bottle, and stored at 4 C
in clean water activity container of known weight.
2.3. Physico-chemical properties
The physico-chemical properties of pomegranate powder such
as moisture content, hygroscopicity and powder yield were
determined as per the standard procedure described in else-
where (Obon et al., 2009).
2.4. BBD response surface design
In this present study, response surface methodology (RSM)
coupled with three factors three level Box–Behnken response
surface experimental design (BBD) was employed to investi-
gate the individual and interactive effects of drying process
variables such as inlet air temperature (A), feed flow rate (B)
and aspirator rate (C) on moisture content (Y1), hygroscopic-
ity (Y2), and powder yield (Y3) via Design- Expert 8.0.7.1
(State-Ease Inc., Minneapolis, MN, USA) statistical package.
For statistical calculations, the process variables were coded
at three levels (1, 0 and +1) and the coding was done by
the following equation (Chegini and Ghobadian, 2007):
xi ¼ Xi  XzDXi i ¼ 1; 2; 3 . . . k ð1Þ
where xi, is the dimensionless value of an independent variable;
Xi, the real value of an independent variable; Xz, the real value
of an independent variable at the centre point; and DXi, step
change of the real value of the variable i. The range of
independent variables and their levels are presented in Table 1.ce of process conditions on the physicochemical properties of pomegranate juice
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Table 1 Ranges of independent variables and their levels.
Level 1 0 1
A 130 145 160
B 4 6 8
C 50 75 100
Influence of process conditions of pomegranate juice 3Seventeen experiments were designed with five replications by
using the following equation (Table 2):
N ¼ 2KðK 1Þ þ C0 ð2Þ
where K is number of factors and C0 is the number of central
point. The relationship between the response and three inde-
pendent variables was evaluated by developing the second
order polynomial mathematical models and the generalized
form of equation was given below (Masters, 1986):
Y ¼ b0 þ
Xk
j¼1
bjXj þ
Xk
j¼1
bjjX
2
j þ
X
i
Xk
<j¼2
bijXiXj þ ei ð3Þ
Adequacy of developed mathematical models was investi-
gated by the analysis of variance (ANOVA) and developed
models were used to plot the three dimensional (3D) response
surface contour graphs in order to study the interactive effect
of independent variables on the responses. Optimum condi-
tions were determined by Derringer’s desired function method-
ology. Finally, validation of developed models was carried out
by conducting additional experiments within the selected inde-
pendent variables range.
3. Results and discussions
3.1. Regression model and statistical analysis
The relationships between moisture content (Y1), hygroscopic-
ity (Y2), powder yield (Y3) and three independent variables
(Inlet air temperature (A), feed flow rate (B) and aspirator rate
(C)) were studied. The experimental design listed in Table 2Table 2 BBD and their experimental results.
S. No A B C
1 145 6 75
2 145 6 75
3 145 6 75
4 160 6 50
5 160 4 75
6 130 6 100
7 145 8 100
8 160 6 100
9 145 4 50
10 145 6 75
11 130 6 50
12 145 6 75
13 145 4 100
14 130 4 75
15 130 8 75
16 160 8 75
17 145 8 50
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scopicity (Y2), and powder yield (Y3) each experimental run
(Prakash Maran et al., 2014; Abadio et al., 2004). The response
obtained in Table 2 was correlated with the three independent
variables using a polynomial equation, Eq. (3). Least squares
regression was used to fit the obtained data to Eq. (3). The best
fit models in the coded factors are as follows:
Y1 ¼ 7:72 0:37Aþ 0:26B 0:59Cþ 0:27ABþ 0:12AC
þ 0:000BC 0:26A2 þ 0:065B2  0:28C2 ð4Þ
Y2 ¼ 28:46 3:76Aþ 2:60B 5:93Cþ 2:65ABþ 1:37AC
 0:088BC 2:59A2 þ 0:67B2  2:97C2 ð5Þ
Y3 ¼ 12:19 1:40Aþ 0:82Bþ 1:83Cþ 0:19AB 0:53AC
þ 0:018BC 0:56A2  0:17B2  0:52C2 ð6Þ
ANOVA evaluations of these models, shown in Table 3,
imply that the developed models can describe the spray drying
process significantly. To measure how well the suggested model
fit the experimental data, the parameters F-value, R2, p-value,
and lack of fit were used. As can be seen in Table 3, F-values
of three responses such as moisture content (Y1), hygroscopicity
(Y2), andpowder yield (Y3) implied that the quadraticmodelwas
significant (AOAC, 1990; Thirugnanasambandham et al.,
2014c). Moreover, each term in the model was also examined
for significance. A p-value smaller than 0.05 implies that the cor-
responding model term is highly significant. From Table 3 it is
clear that the linear terms for Inlet air temperature (A), feed flow
rate (B) and aspirator rate (C) have large effects on responses,
due to high F-values. The p-values <0.0001 show that there is
only a 0.01% chance that a model F-value this large is the pro-
duct of noise in the conducted experiments. In addition, the lin-
ear term for aspirator rate (C) is also significant but with a
smaller effect of Inlet air temperature (A), feed flow rate (B) on
the responses, due to its smaller F-value than the other linear
term.However, the quadratic term for the independent variables
has a large F-value and a p-value <0.05 (Muralikrishna et al.,
1969). Thus, the effect of aspirator rate (C) on the spray drying
process is most strongly modelled with the linear term. The
quadratic terms for Inlet air temperature (A), feed flow rateY1 Y2 Y3
7.8 29.26 12.32
7.8 29.26 12.32
7.8 29.26 12.32
7.2 23.13 8.75
6.5 16.23 9.03
6.9 19.92 14.52
7 20.9 14.48
6.5 16.33 10.54
8 31.24 8.56
7.4 25.25 11.96
8.1 32.21 10.62
7.8 29.26 12.04
6.6 17.23 12.99
7.9 30.26 12.08
8 31.52 13.52
7.7 28.11 11.22
8.4 35.26 9.98
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Table 3 ANOVA table for responses.
Source Y1 Y2 Y3
F
value
P value F
value
P value F
value
P value
Model 15.16 0.0008 14.29 0.0010 26.28 0.0001
X1 28.07 0.0011 26.28 0.0014 71.54 <0.0001
X2 13.76 0.0076 12.58 0.0094 24.39 0.0017
X3 68.91 <0.0001 65.29 <0.0001 121.89 <0.0001
X1X2 7.55 0.0286 6.54 0.0377 0.64 0.4495
X1X3 1.56 0.2519 1.75 0.2278 5.08 0.0589
X2X3 0.00 1.0000 0.01 0.9352 0.01 0.9425
X12 7.10 0.0322 6.57 0.0374 6.07 0.0432
X22 0.44 0.5266 0.43 0.5315 0.54 0.4874
X33 8.53 0.0223 8.59 0.0220 5.24 0.0559
R2 0.9958 0.9894 0.9923
Adj R2 0.9758 0.9852 0.9863
Lack of
fit
1.85 1.24 1.55
Figure 1 Normal % probability plots for responses: (a) moisture content, (b) hygroscopicity and (c) powder yield.
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Influence of process conditions of pomegranate juice 5(B) and aspirator rate (C) are also significant but with F-values
smaller than their corresponding linear terms. But, the interac-
tive term of feed flow rate (B) and aspirator rate (C) for the
responses is insignificant. The only significant coupling term is
between AB and AC, indicating an interaction between those
two variables. Furthermore, the lack of fit F-values between 1
and 2, indicating that lack of fit is not significant relative to pure
error (Cuq et al., 2011). The obtained regression equation and
coefficient of determination were evaluated to test the fit of
model. The distribution of residuals was also investigated to
evaluate the adequacy of the developedmodels by first determin-
ing whether the residuals followed a normal distribution. Resid-
uals are the difference between predicted and actual values and
are anticipated to follow a normal distribution if the experimen-
tal errors were arbitrary. First, the residuals were normalized
with respect to their standard deviations (studentized) andanor-
mal distribution function was then fit to the studentized residu-
als. Then, the studentized residual predicted by the best-fit
normal distribution was plotted against the experimentally
obtained studentized residual in Fig. 1. The straight line formed
in Fig. 1 indicates that the studentized residuals follow a normal
distribution. In cases where the residuals do not follow a normal
distribution, an S-shape curve is often formed, and this type of
curve often resulting from the use of an inaccurate model of
the response is necessary (Chauhan and Patil, 2013).
These results indicate that the suggested model is an appro-
priate description of the process. The actual and predictedFigure 2 Predicted versus actual plot for responses: (a) mo
Please cite this article in press as: Thirugnanasambandham, K., Sivakumar, V. Influen
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for each specific run from Table 3, and predicted values are
created by the model, Eqs. (4–6). In experimental design, R2
is a calculation of amount of variation around the mean
explained by the developed models. However, a large value
of R2 can be misleading if the model contains extraneous
terms. By adding factors to the models, correlation coefficient
(R2) always increases whether the added factor is significant or
not. Generally, the adjusted R2 value does not increase as fac-
tors are added to the model. In fact, large differences between
R2 and adj-R2 indicate that non-significant terms are involved
in the model. The data in Fig. 2 clearly show that the adjusted
determination coefficient is very high to prove the high signif-
icance of the developed mathematical models. The obtained
results indicate that the developed mathematical model has
the ability to describe the spray drying process very robustly.
3.2. Influence of inlet air temperature
Statistical analysis of the experimental data identified inlet air
temperature (A) as the most important variable in the response
analysis. As shown in Eqs. (4–6) and Table 3, inlet air temper-
ature has a large, linear, negative effect on the moisture con-
tent (Y1), hygroscopicity (Y2) and powder yield (Y3). The
quadratic influence of this factor has a minor negative effect
on the moisture content (Y1), hygroscopicity (Y2) and powder
yield (Y3). A 3D response surface plot for the responses inisture content, (b) hygroscopicity and (c) powder yield.
ce of process conditions on the physicochemical properties of pomegranate juice
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Figure 3 Effect of A and B on responses.
6 K. Thirugnanasambandham, V. SivakumarFig. 3 depicts the change of moisture content (Y1), hygroscop-
icity (Y2) and powder yield (Y3) with varying inlet air temper-
ature and feed flow rate, plotted for the case where aspirator
rate is 75%. From the results, it is found that moisture content
(Y1), hygroscopicity (Y2) and powder yield (Y3) are decreased
with increasing inlet air temperature throughout the spray
drying process. This can be explained by the fact that at higher
inlet air temperature, there is a larger temperature gradient
between the fine droplets feed and the hot drying air, ensuing
in greater rate of heat transfer to particle and providing a bet-
ter driving force for moisture content (Y1), hygroscopicity (Y2)
and powder yield (Y3). Similar kind of results are reported by
Ersus and Yurdagel, who were working on microencapsulation
of anthocyanin pigments of black carrot (Daucuscarota L.) by
spray dryer (Thirugnanasambandham et al., 2014b).Please cite this article in press as: Thirugnanasambandham, K., Sivakumar, V. Influen
in spray drying process: Modelling and optimization. Journal of the Saudi Society o3.3. Influence of feed flow rate
Statistical analysis of the experimental data identified feed flow
rate (B) as the most important variable in the spray drying pro-
cess of pomegranate juice. As shown in Eqs. (4–6) and Table 3,
feed flow rate has a large, linear, positive effect on the moisture
content (Y1), hygroscopicity (Y2) and powder yield (Y3). The
quadratic influence of this factor has a minor negative effect
on the moisture content (Y1), hygroscopicity (Y2) and powder
yield (Y3). A 3D response surface plot for the responses in
Fig. 4 depicts the change of moisture content (Y1), hygroscop-
icity (Y2) and powder yield (Y3) with varying aspirator and
feed flow rate, plotted for the case where inlet air temperature
is 175 C. From the results, it is found that moisture content
(Y1), hygroscopicity (Y2) and powder yield (Y3) are increasedce of process conditions on the physicochemical properties of pomegranate juice
f Agricultural Sciences (2015), http://dx.doi.org/10.1016/j.jssas.2015.11.005
Figure 4 Effect of B and C on responses.
Influence of process conditions of pomegranate juice 7with increasing feed flow rate throughout the spray drying pro-
cess of pomegranate juice (IAL, 1977). This is mainly due to
the fact that during higher feed flow rate, heat transfer between
the feed droplets and the drying air became less efficient
causing lower water evaporation, thus producing higher
moisture content (Y1), hygroscopicity (Y2) and powder yield
(Y3) in spray drying process.
3.4. Influence of aspirator rate
Aspirator rate has a linear positive effect on the moisture con-
tent (Y1), hygroscopicity (Y2) except powder yield (Y3) in spray
drying process. The quadratic influence of this factor has sig-
nificant negative effect on responses. Fig. 5 shows the influence
of inlet air temperature and aspirator rate on moisture content
(Y1), hygroscopicity (Y2) and powder yield (Y3) in spray drying
process for the case where the feed flow rate is 6 rpm. By
increasing aspirator rate, moisture content (Y1), hygroscopic-
ity (Y2) and powder yield (Y3) are increased AOAC, 1984;
Pisecky, 1985. This could be explained by the fact that the
energy available for evaporation was according to the amount
of drying air; thus, higher aspirator rate has positive effect onPlease cite this article in press as: Thirugnanasambandham, K., Sivakumar, V. Influen
in spray drying process: Modelling and optimization. Journal of the Saudi Society oresponses. The aspirator rate effects as shown in Fig. 5 and the
regression model are consistent with results seen previously in
spray drying of raisin concentrate.
3.5. Process optimization
After analysing the polynomial equation depicting the depen-
dent and independent variables on the spray drying process,
optimization process was carried out by Derringer’s desired
function methodology. This numerical optimization technique
will optimize any combination of one or couple of goals; these
may be either independent variables or responses. The possible
goals may be as follows: maximize, minimize, target, within
range, none (for responses only) and set to an exact value
(independent variables only). In this study, goals of the inde-
pendent variables were selected as in a range and the response
goals such as Y1 and Y2 were selected for minimizing; whereas
Y3 selected for maximizing. According to BBD results, optimal
spray drying conditions were determined as follows: inlet air
temperature of 130 C, feed flow rate of 6 rpm and aspirator
rate of 100%. Under these conditions, predicted moisture
content (Y1), hygroscopicity (Y2) and powder yield (Y3) arece of process conditions on the physicochemical properties of pomegranate juice
f Agricultural Sciences (2015), http://dx.doi.org/10.1016/j.jssas.2015.11.005
Figure 5 Effect of A and C on responses.
8 K. Thirugnanasambandham, V. Sivakumar6.85%, 19.85 g/100 g and 14.95 g respectively with a desirabil-
ity value of 0.945. In order to examine the optimum condi-
tions, triplicate experiments were performed under the
optimized conditions and the mean values obtained from real
experiments, demonstrated the validation of the optimized
conditions (Thirugnanasambandham et al., 2014a).
4. Conclusions
In this present study, quality parameters of spray drying pro-
cess of pomegranate juice were examined under different pro-
cess conditions such as inlet air temperature, feed flow rate and
aspirator rate using response surface methodology (RSM).
Mathematical modelling of the spray drying process was done
by Box–Behnken response surface design (BBD) coupled with
three factors at three levels. Predicting abilities of mathemati-
cal models were investigated by three dimensional response
surface plots and optimal spray drying conditions were deter-
mined as follows: inlet air temperature of 130 C, feed flow rate
of 6 rpm and aspirator rate of 100%. Under these conditions,Please cite this article in press as: Thirugnanasambandham, K., Sivakumar, V. Influen
in spray drying process: Modelling and optimization. Journal of the Saudi Society opredicted moisture content (Y1), hygroscopicity (Y2) and
powder yield (Y3) are found to be 6.85%, 19.85 g/100 g and
14.95 g, respectively. These results exhibited that, RSM is
found to be a suitable technique to predict the change of
quality parameters in spray drying process of pomegranate
juice.
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